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Using the entire data sample of 980 fb−1 integrated luminosity collected with the Belle detector at the
KEKB asymmetric-energy eþe− collider, we present an amplitude analysis measuring the branching
fractions of the Cabibbo-allowed, W-exchange resonant decay Ξ0c → Ξ0ϕð→ KþK−Þ with a polarized ϕ
and the nonresonant decay via a direct process Ξ0c → Ξ0KþK−. We present these measurements, relative to
the normalization mode Ξ−πþ, and find branching ratios BðΞ
0
c→Ξ0ϕð→KþK−ÞÞ
ðBΞ0c→Ξ−πþÞ ¼ 0.036 0.004ðstat:Þ 
0.002ðsyst:Þ and BðΞ0c→Ξ0KþK−ÞBðΞ0c→Ξ−πþÞ ¼ 0.039 0.004ðstat:Þ  0.002ðsyst:Þ, which suggest that only minor
cusping peaks occur in the combinatorial background of Ω− → Ξ0K− due to these Ξ0c decays.
DOI: 10.1103/PhysRevD.103.112002
I. INTRODUCTION
The most simple model of the Ξ0cðdscÞ baryon non-
leptonic decay occurs via c → s transitions into Ξ−πþ by
way of an emitted W boson. However, these decays may
also occur via charged-current (W-exchange) interactions
between the quarks of the Ξ0c baryon. The most probable
example of this decay is the Cabibbo-allowed W exchange
between the cd quarks, as shown in the decay diagrams of
Fig. 1. In this type of decay, the c and d quarks exchange
charge via the interactingW boson and transition into s and
u quarks, respectively. Generally, the remaining momen-
tum from this decay escapes via an emitted gluon, which
immediately produces a quark-antiquark pair. For this
work, we study the case in which the emitted gluon from
the W exchange decays into an ss̄ quark pair (ss̄-popping)
through cd → Wþ → suðg → ss̄Þ.
Such ss̄-popping decays are in general suppressed
compared with the analogous light-quark-popping decays
but have more cleanly measurable final states. Other ss̄-
popping decays have been measured, and in particular by
the Belle Collaboration, the similar but Cabibbo-sup-
pressed mode Ξ0c → ΛKþK− [1]. In this work, we study
the previously unobserved [2] Cabibbo-allowed mode
Ξ0c → Ξ0KþK− and the fraction of this decay that resonates
through ϕ → KþK−.
One particular motivation for the study of these new Ξ0c
decay channels is due to the recently discovered excitedΩ−
baryon at Belle [3]. This excitedΩ− was found in the Ξ0K−
channel with an invariant mass of 2.012 GeV, where for this
work we use natural units with c ¼ 1. From quark model
predictions of heavy-baryon excited states, there are good
theoretical reasons to expect that this Ω− baryon may have
a partner near 1.95 GeV [3,4], and low-statistics indications
of an excess in this region can be inferred. However, it is
suspected that a Ξ0c decaying to Ξ0KþK− through a
polarized ϕ → KþK− could produce peaks in the Ξ0K
invariant mass spectra as well. These topological substruc-
tures are due to the helicity angles of the Ξ0c polarizing the ϕ
in the 1=2 → 1=2þ 1 resonant decay process [5]. Hence,
the decay substructure of the Ξ0c → Ξ0KþK− must be
studied to assure that any evidence of an excess in this
FIG. 1. Decay diagrams depicting (a) the nonleptonic, weak
decay of Ξ0c → Ξ−πþ via an emitted W boson and (b) the
Cabibbo-allowed W-exchange, ss̄-popping decay of
Ξ0c → Ξ0KþK−, which can resonate through ϕ → KþK−.
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region can be attributed to an excited Ω− candidate and not
an artifact of these resonant decays.
The Belle detector and KEKB asymmetric eþe− collider
collected the world’s largest sample of ϒð4SÞ energy data
over a 1999–2010 run period with a total 980 fb−1
integrated luminosity for analysis across all energy ranges
[6]. The Belle detector was a large, asymmetric detector
hermetically consisting of six subdetectors. From inner- to
outermost subdetector, the Belle detector included the
following components.
For charged particle tracking, four innermost layers of
double-sided silicon strip vertex detectors surrounded the
beryllium beam pipe, encased by a 50-layer central drift
chamber (CDC). These tracking detectors were asymmet-
rically oriented in the z axis to assure optimal solid angle
coverage with respect to the interaction point (IP). For
charged particle identification (PID), defined Lðx∶yÞ ¼
Lx=ðLx þ LyÞ for likelihoods Li of identifying the charged
particles p, π, and K, along with dE=dx measurements in
the CDC, Belle included two subdetectors. The aerogel
Cherenkov counters (ACC) were located along the barrel
and the outer, large solid angle of the CDC, and the time-of-
flight counters were positioned just outside of the ACC
with respect to the barrel. For electron and γ detection via
electromagnetic showers, along the entire Belle detector
23° < θ < 139° solid angle, CsI(Tl) crystals comprised the
electromagnetic calorimeter (ECL). Outside the 1.5 T
solenoid coil, the remaining subdetectors included layered
resistive plate counters with an iron yoke for muon and KL
detection [7,8].
II. RECONSTRUCTION
Event reconstruction for this analysis is performed
entirely in the Belle II Software Framework by converting
Belle data structures to Belle II data structures [9,10]. The
background to the reconstructed invariant mass distribution
of the Ξ0KþK− signal is in large part due to combinatorics
and clone hyperon reconstructions from soft and over-
lapping γ candidates. Hence, it is necessary to reconstruct
Ξ0 → Λπ0 candidates with a good signal-to-background
ratio. We detail the reconstruction procedure and selection
criteria for the Ξ0c modes—Ξ0c → ðΞ− → ðΛ → pπ−Þπ−Þπþ
and Ξ0c → ðΞ0 → ðΛ → pπ−Þðπ0 → γγÞÞKþK−—by fol-
lowing a similar methodology to that of the Ωð2012Þ →
Ξ0K− observation [3], which used the previous Belle
Software Framework.
Preliminary Λ candidates must exhibit the expected
kinematics from a long-lived hyperon decay, Ξ → Λπ.
These Λ → pπ− candidates are found with a local vertex
reconstruction using a Kalman filter [11] and selected with
the followingkinematics: a reconstructedmass in3.5 MeV
range of the nominal mass [2] which is approximately 99%
efficient, a cosðαxyzÞ > 0.0 in the 3D plane, a distance of the
decay vertexwith respect to the IP greater than 0.35 cm, and a
loose PID requirement on the p track with Lðp∶πÞ and
Lðp∶KÞ greater than 0.2 which is approximately 99%
efficient. For these kinematics, we define αxyz ðαxyÞ as the
3D (2D) angle between a vector from the IP to the decay
vertex and the momentum vector at the decay vertex. All
hyperonswith higher strangeness are then reconstructedwith
the described Λ candidates, and all good π− or π0 → γγ
candidates are a priori selected by internal Belle studies of
the CDC and ECL performance [10]. The decay vertex of
these hyperon candidates is then globally reconstructed using
a decay chain fitter with mass-constrained daughters to
improve the signal-to-background ratio [9,11].
Optimal Ξ− → Λπ− selection is less crucial for the
normalization mode decay due to the high yield of these
charmed baryon decays produced at Belle. We loosely
select Ξ− → Λπ− candidates for this analysis with the
following kinematics: a reconstructed invariant mass within
a 3.5 MeV range of the nominal mass [2], which is
approximately 4σ with respect to the primary resolution; a
reconstructed decay vertex chi-squared probability consis-
tent with a χ2 per degree of freedom less than 20; a distance
of the Ξ− decay vertex with respect to the IP preceding the
Λ decay vertex distance; a distance of the Ξ− decay vertex
with respect to the IP greater than 0.1 cm; a π− transverse
momentum greater than 50 MeV; and a loose ratio between
the Λ and Ξ− hyperon cosðαxyÞ angles in the tangential
plane which is consistent with a hyperon decay. The
reconstructed invariant mass for these Ξ− → Λπ− hyperons
is shown in Fig. 2 together with an unbinned maximum
likelihood fit to the data using a probability density
function (PDF) composed of a double Gaussian signal
function and a second-order Chebyshev polynomial
background.
We reconstruct Ξ0 → Λπ0 by refitting the π0 due to the
a priori candidates containing no directional information.
Using a global decay chain reconstruction [9,11], the π0
candidates are refit to the decay vertex of the Ξ0 → Λπ0,
with the Ξ0 constrained to come from the nominal IP
region. After refitting these π0 candidates, the Ξ0 hyperons
used for this analysis are selected with the following
kinematics: a reconstructed invariant mass within a
5 MeV range of the nominal mass [2], which is approx-
imately 2σ with respect to the primary resolution; a
reconstructed decay vertex chi-squared probability consis-
tent with a χ2 per degree of freedom less than 20; a distance
of the Ξ0 decay vertex with respect to the IP preceding the
Λ decay vertex distance; a distance of the Ξ0 decay vertex
with respect to the IP greater than 1.4 cm; a refit π0
momentum greater than 150 MeV; a refit π0 mass range
10.4 MeV about the π0 nominal mass [2], which is
approximately 2σ; and lastly, a Λ tangential αxy deflection
angle greater than the IP-produced Ξ0 angle of αxy ≈ 0. The
reconstructed invariant mass for these Ξ0 → Λπ0 hyperons
is shown in Fig. 2, together with an unbinned maximum-
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likelihood fit to the data using a PDF composed of a double
Gaussian signal function and a second-order Chebyshev
polynomial background.
For the normalization channel Ξ0c → Ξ−πþ, all Ξ−
hyperons described above are mass-constrained and com-
bined with selected πþ candidates. These πþ candidates are
selected with a point of closest approach (POCA) in the xy
plane less than 0.2 cm, a POCA along the z axis less than
1.0 cm, and a loose PID requirement with Lðπ∶pÞ and
Lðπ∶KÞ greater than 0.2, which is approximately 99%
efficient. To reconstruct the signal channel Ξ0c → Ξ0KþK−,
the Ξ0 hyperons described above are mass-constrained and
combined with similarly selected K candidates. These K
candidates are selected with a POCA in the xy plane less
than 0.2 cm, a POCA along the z axis less than 1.0 cm, and
tight PID requirements, with LðK∶pÞ and LðK∶πÞ greater
than 0.9, which is approximately 83% efficient. The decay
vertex of these Ξ0c candidates in each mode is then
reconstructed locally and constrained to the nominal IP
profile region of the Belle detector. The final Ξ0c candidates
are then optimally selected via a figure of merit with a





where p is the momentum in the eþe− center-of-mass
(c.m.) frame. This requirement is typically used to produce
a good signal-to-background ratio while retaining high
efficiency for charmed baryons produced in eþe− → qq̄
continuum events.
From the Monte Carlo (MC), the PDF which best
describes the Ξ0c baryon is a double Gaussian with a
primary, core, resolution, and secondary resolution along
with a second-order Chebyshev polynomial background. In
Fig. 3, we plot the results of these unbinned maximum-
likelihood fits to the invariant mass distributions of the
normalization channel, Ξ0c → Ξ−πþ, and the signal chan-
nel, Ξ0c → Ξ0KþK−, with fixed primary and secondary
resolutions from MC simulations but with a free parameter
yield into each Gaussian. We define the reconstruction
efficiency into each mode as a ratio of signal yields between
the reconstruction level and generator level for generic MC
events containing a single generated Ξ0c.
For the normalization mode, the primary and secondary
resolutions are independently found to be 7.1 0.1 MeV
and 14.5 0.2 MeV, respectively, which correspond to a
rms resolution of 9.7 0.1 MeV and has a reconstruction
efficiency ϵΞ−πþ ¼ ð7.04 0.05Þ% with respect to the gen-
erated MC when resolutions are constrained. For the non-
resonant and resonant signal modes, these resolutions are
determined independently, from a Ξ0c → Ξ0KþK− MC
generated with phase space distribution and a Ξ0c → Ξ0ϕð→
KþK−ÞMC generated with a helicity amplitude distribution
[5,12,13], respectively. The difference in resolution between
the resonant and nonresonant decays was found to be
negligible, and they are averaged with equal weighting.
These average primary and secondary resolutions are
found to be 3.19 0.02 MeV and 12.37 0.21 MeV,
respectively, and correspond to a rms resolution of
5.6 0.1 MeV. Each signal-mode MC sample, Ξ0c →
Ξ0KþK− and Ξ0c → Ξ0ϕð→ KþK−Þ, has statistically equiv-
alent reconstruction efficiencies for its own resolution con-
straints, given as ϵΞ0KþK− ¼ ð1.08 0.01Þ% and ϵΞ0ϕ ¼
ð1.09 0.01Þ%, respectively, within a 10 MeV range of
the Ξ0c nominal mass [2], which is approximately 3σ with
respect to the primary resolution.
From sideband samples in the Ξ0KþK− invariant mass
distribution, we find that a significant number of ϕ →
KþK− decays which are not from a resonant Ξ0c are
reconstructed in the 10 MeV signal band. To account
for these events, as well as the uniform combinatorial
]2) [GeV/c-π0ΛM(





































FIG. 2. Selected signal bands (marked in red half lines) with
respect to the nominal masses (marked in red full lines) of the
invariant mass distributions for the hyperon decays Ξ− → Λπ−
(upper) and Ξ0 → Λπ0 (lower) in the data sample (black) with an
unbinned likelihood fit to a double Gaussian PDF (solid blue)
with a Chebyshev polynomial background (dashed cyan) and
each individual Gaussian contribution to the signal PDF (dashed
magenta).
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background, all reconstructed signal candidates in the
signal band range of the Ξ0c nominal mass [2] are side-
band-subtracted. This is done by subtraction of the scaled
sideband candidates in the left and right sidebands of equal
10 MeV width at central mass energies (labeled in Fig. 3)
of 40 MeV to the nominal mass with respect to the
10 MeV signal band.
From the resulting likelihood fits in Fig. 3 with reso-
lutions constrained to the MC values previously defined,
we find nΞþπ− ¼ 27186 475 normalization-mode candi-
dates over the entire distribution range. Similarly, within
the 10 MeV range of the nominal mass, we find ncand: ¼
nΞ0ϕ þ nΞ0KþK− ¼ 311 23 candidates in both signal
modes by using a scaled sum of events in the sideband-
subtracted distribution of the Ξ0KþK− invariant mass
channel. Defining a signal’s statistical significance as
s=δðsÞ for signal yield s and its uncertainty δðsÞ, our
results correspond to a 13.5σ statistical significance of
these new Cabibbo-allowed W-exchange decays of Ξ0c →
Ξ0KþK− including the resonant mode via ϕ → KþK−.
The sideband-subtracted Dalitz plot is shown in Fig. 4
with a mass-constrained Ξ0c final state across the entire
phase space. From this figure, we find a clear ϕ → KþK−
band, but no evidence of other resonances. The ϕ resonance
is found to be nonuniform due to the spin polarization of
the ϕ in the 1=2 → 1=2þ 1 resonant decay process
Ξ0c → Ξ0ϕ. This nonuniform substructure is specifically
observed near M2ðΞ0K−Þ ≈ 3.85 GeV2 and M2ðΞ0K−Þ ≈
3.425 GeV2 along the ϕ band atM2ðKþK−Þ ≈ 1.04 GeV2.




with previously defined efficiencies. Using this
definition, we study the resonant and non-resonant frac-
tions of Ξ0c → Ξ0KþK− using an amplitude analysis over
the entire phase space of this decay.
III. AMPLITUDE MODEL
The nonuniform contributions to the resonant substruc-
ture in the Ξ0c → Ξ0ϕ decay are best modeled using an
]2) [GeV/c+π-ΞM(
































































FIG. 3. Reconstructed invariant mass distributions for the normalization mode Ξ0c → Ξ−πþ (left) and the analysis mode Ξ0c →
Ξ0KþK− (right) in the data sample (black) with an unbinned likelihood fit to a double Gaussian PDF (solid blue) using fixed MC
resolutions with a Chebyshev polynomial background (dashed cyan) and each individual Gaussian contribution to the signal PDF
(dashed magenta). The pull distribution for each likelihood fit is included (bottom) adjacent to each reconstructed distribution. The
selected signal, left, and right sidebands (marked in red half lines) with respect to the nominal masses (marked in red full lines) are






























FIG. 4. Dalitz plot distribution of the Ξ0c → Ξ0KþK− decays in
the sideband-subtracted Ξ0c signal region of the data sample,
shown with square bins of 12.5 MeV width.
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amplitude analysis over the decay phase space. In this
section, we provide basic forms used to model the spin-
polarized, resonant amplitudes for ϕ → KþK− from the
spin-1=2 Ξ0c in an azimuthally symmetric plane. From the
branching fractions into the resonant and nonresonant
modes in Fig. 4 and the efficiency-corrected integration







defined for the amplitude analysis.
It is known that a resonant decay amplitude is well
modeled to first order using a Breit-Wigner amplitude [1,8].
To higher orders, nonisotropic angular distributions con-
tribute to the resonant amplitude due to the spin orienta-
tions of the final-state decay products. For the resonant
Ξ0c → Ξ0ϕð→ KþK−Þ decay, the unit spin of the ϕmeson is
polarized due to the 1=2 spin of the heavy baryons. To
describe this angular dependence of the polarized ϕ, we
study the polar polarization angles for the resonant Ξ0c
decay shown in Fig. 5 with respect to the Ξ0c momentum in
the lab frame. In contrast, we assume the simple model that
nonresonant Ξ0c → Ξ0KþK− are uniform and isotropic, and
are modeled using a constant amplitude over the entire
phase space.
From Fig. 5, Ξ0c decays resonantly into a ϕ with a
polarization angle θ with respect to its polarization vector
PΞ0c
!
in the lab frame. The polarization angle θ in this
diagram is defined as the angle between the polarization
vector and the resonant daughter momentum vector, Pϕ
!
, in
the Ξ0c c.m. frame. Similarly, the resonant, spin-1ϕ and
spin-1=2 Ξ0 decay with corresponding polarization angles
θ1 and θ2 with respect to their momenta in the Ξ0c c.m.





in their own respective c.m. frame.
After integration over θ2 in the Dalitz plot, the
angular distribution of the resonant Ξ0c decay depends
effectively on the polarization angles of the Ξ0c and the
resonant ϕ coupled by their corresponding helicity
amplitudes, Hλϕ;λΞ0 . We define this effective angular distri-





ðθÞ for small Wigner D-
functions djλ;λ1−λ2 of a parent particle with spin j and helicity
λ decaying into two daughterswith helicities λ1 and λ2 [5,12].
The kinematics in this effective angular distribution of our
amplitude model are given in Fig. 6 for cosðθÞ and cosðθ1Þ
within a 20 MeV range of the resonant nominal mass and
in nonresonant regions of phase space.
When fitting the Dalitz plot using this angular distribu-
tion, Aðθ; θ1Þ, due to the low statistics, we reparametrize the
sum of helicity contributions by absorbing constants into
the overall normalization and eliminate any direct Hλϕ;λΞ0
dependence, which is outside the scope of this work. The
resulting ratios of Hλϕ;λΞ0 amplitudes are then free param-
eters in the amplitude model. Among these ratios, only the
FIG. 5. Azimuthally symmetric diagram of the spin-polariza-




























































FIG. 6. Angular kinematics in the sideband-subtracted data sample for the cosðθÞ (middle) and cosðθ1Þ (right) distributions (black)
within a20 MeV range of the resonant nominal mass (red) and in nonresonant regions of phase space (blue) selected about the KþK−
invariant mass projection (left).
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λϕ ¼ 0, 1 terms contribute to the Dalitz plot, which
corresponds to the integrated distribution over both θ
and θ2 and will only depend on θ1 directly.
From this, we conclude that the Ξ0c → Ξ0KþK− ampli-
tude from resonant, polarized ϕ → KþK− decays can be
described by combining this effective angular distribution,
Aðθ; θ1Þ, with a Breit-Wigner amplitude, VðE;Mϕ;ΓÞ. We
then assert that this resonant amplitude is complex and
coherent with the nonresonant constant amplitude, AKK ,
across the Dalitz plot distribution described as jAKK þ
Aϕ
P
VðE;Mϕ;ΓÞAðθ; θ1Þj2 summed over all helicity
states of Ξ0c, Ξ0, and ϕ for normalization amplitudes
AKK and Aϕ of the nonresonant and resonant decays,
respectively. Alternate hypotheses for these assumptions
are included in the systematic uncertainties.
IV. AMPLITUDE ANALYSIS
We fit the Dalitz plot distribution in Fig. 4 as a coherent
sum of resonant and nonresonant amplitudes outlined in
Sec. III. We then freely vary the helicity amplitude ratios of
the resonant decay in the reparametrized angular distribu-
tion using only the natural width of the ϕ resonance, Γ ¼
4.249 MeV [2], as a constraint. The convolution of this
natural width with the Gaussian resolution is included in
the systematic uncertainties. The result of this unbinned
maximum-likelihood fit is shown in Fig. 7 across each pair
of invariant mass projections using the amplitude analysis
software AmpTools (v.10.2) [14]. From the normalized
integration of each amplitude relative to the integral of their
coherent sum, we measure branching fractions into the
resonant and nonresonant modes as ð48.1 4.2Þ% and
ð51.9 4.2Þ%, respectively. In addition, we find that
the measured mass of the ϕ meson, Mϕ ¼ 1019.62
0.25 MeV, is in agreement with the current average
value [2].
These branching fractions for the resonant and nonreso-
nant decay modes correspond to nΞ0ϕ ¼ 149 17 and
nΞ0KþK− ¼ 161 18 candidates, respectively. After vary-
ing all free parameters of our amplitude model [14] and
considering the reconstruction efficiencies across the Dalitz
plot distribution from signal MC, we measure the precise
resonant and nonresonant branching ratios into these new
W-exchange ss̄-popping decay modes:
BðΞ0c → Ξ0ϕð→ KþK−ÞÞ
BðΞ0c → Ξ−πþÞ
¼ 0.036 0.004 ðstat:Þ ð1Þ
BðΞ0c → Ξ0KþK−Þ
BðΞ0c → Ξ−πþÞ
¼ 0.039 0.004 ðstat:Þ ð2Þ
The branching ratios in Eqs. (1) and (2) can easily be
verified by one-dimensional analysis methods on the
Ξ0KþK− invariant mass distribution in Fig. 3. For this
validation, we plot the invariant mass of the KþK− under
the signal Ξ0c band and weight the left- and right-sideband
events appropriately, akin to the amplitude analysis. We
then model the resonant ϕ → KþK− in the KþK− projec-
tion with a P-wave relativistic Breit-Wigner PDF convolved
with a double Gaussian using constrained resolutions from
signal MC studies. Using this analysis method, we find
statistically consistent results corresponding to branching
fractions ð48.7 4.9Þ% and ð51.3 4.9Þ% into the reso-
nant and nonresonant modes, respectively. The correspond-
ing minute differences between these measurements as
branching ratios are consistent with a slight overestimation
of the resonant mode observed during the MC analysis of
this channel using one-dimensional methods. The meth-
odological systematic uncertainty between the amplitude-
analysis and the one-dimensional-analysis branching ratios




















































































FIG. 7. Paired invariant mass projections of the amplitude intensities in the Ξ0c → Ξ0KþK− decay via the resonant ϕ → KþK− (red)
and nonresonant (blue) modes in the sideband-subtracted data sample (black plot points) using the coherent sum of azimuthally
symmetric amplitudes (solid black) as a model.
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V. SYSTEMATIC UNCERTAINTIES
In Table I, we summarize all systematic uncertainties
which impact our branching ratio measurements, summed
in quadrature, to calculate the total systematic uncertainty.
As the branching fraction is defined by the ratio of Ξ0c →
ðΞ0 → Λ0π0ÞKþK− and Ξ0c → ðΞ− → Λ0π−Þπþ, the detec-
tion-efficiency-relevant (DER) errors from particle identi-
fication and reconstruction common to both modes, such as
Λ finding and tracking, cancel. The remaining uncertainties
are due to π0 reconstruction (1.5%) and PID (1.3%),
giving a total 2.0% when quadratically summed. These
are estimated by comparing data and MC for dedicated
calibration samples. In addition, we assign a systematic
uncertainty of þ0.0−1.6% and
þ0.0
−3.3% to each respective branch-
ing ratio measurement due to the DER errors from multiple
candidates in the signal distributions as a result of cloned
hyperon reconstructions and tracks which originate far
from the IP. This is calculated by comparing measurements
from MC samples to the truth generated.
In order to check our methodology, we compare the
results found for the branching ratios with the amplitude
analysis to those found using the simpler one-dimensional
approach of fitting the Dalitz plot projections. We assign a
systematic uncertainty of þ1.0−0.0% and
þ0.0
−0.9% to each respec-
tive branching ratio measurement due to variances between
this amplitude analysis and the one-dimensional analysis
measurements.
Our remaining systematic uncertainties are due to the
MC statistics assumed for the resolutions as well as all
model assumptions used throughout this analysis. We
assign a collective systematic uncertainty of þ0.5−0.1% to each
branching ratio measurement due to the MC assumptions in
our PDF models. This is calculated by varying and floating
the values of the resolution constraints about the statistical
uncertainty and summing these effects in quadrature.
Similarly, we assign a systematic uncertainty of þ0.8−0.0%
to each branching ratio measurement due to the choice of
PDF models used in our measurements of the Ξ0c modes.
This is calculated by finding the change in the result if we
use a Gaussian PDF or a reduced fit range when modeling
the reconstructed Ξ0c invariant masses.
For the amplitude model assumptions, we assign a
collective systematic uncertainty of þ3.8−4.0% and
þ3.3
−3.8% to
each respective branching ratio measurement when quad-
ratically summed. These are calculated by varying the
model assumptions correlating to the natural width con-
straint [2] and various measurements with alternative or
ancillary amplitude models. These collective calculations
include the following systematic effects: the quality of the
phase-space efficiencies and generated MC, which is
calculated by measuring these branching ratios with inte-
grated efficiencies ( þ0.0−0.3% and
þ0.3
−0.0%); the effect of smear-
ing the Breit-Wigner natural width by the reconstruction
resolution ( þ2.9−4.0% and
þ3.2
−2.5%); the effect of using incoher-
ent, noninterference models of the two amplitudes
(< 0.1%); the effect of including contributions due to
a0ð980Þ and f0ð980Þ mesons near threshold (< 0.1%);
the assumption of azimuthal symmetry found by perturbing
the model about small Euler angles (0.1%); and the effect
of direct helicity amplitude dependencies, the reparamet-
rization, and the defined polarization angles calculated by
systematically varying and eliminating these free param-
eters in our amplitude model ( þ2.3−0.5% and
þ0.4
−2.8%).
Summing all of these systematic uncertainties in quad-
rature, as shown in Table I, we assign a total systematic
TABLE I. Contributions to the total systematic uncertainty of the branching ratio measurements,







π0 → γγ & PID 2.0 2.0
Multiple candidates




MðKþK−Þ yield þ1.0−0.0 þ0.0−0.9
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certainty of þ4.5−4.8% and
þ4.0
−5.5% for the two branching ratio
measurements, respectively.
VI. CONCLUSIONS
Using the entire data sample of 980 fb−1 integrated
luminosity collected with the Belle detector [6], we find a
signal with a statistical significance of 13.5σ for new W-
exchange ss̄-popping decay modes of Ξ0c → Ξ0KþK−
including resonant decays through ϕ → KþK−. Using an
azimuthally symmetric amplitude model, we find that
among the 311 23 candidates, ð48.1 4.2Þ% decay
resonantly through ϕ → KþK−, while ð51.9 4.2Þ%
decay directly to Ξ0KþK−. These yields are directly
compared to the normalization mode Ξ0c → Ξ−πþ of yield
27186 475 over the same data sample. From these
measurements and the previously studied reconstruction
efficiencies on signal MC, we report new branching ratios
for these resonant and nonresonant Ξ0c modes:
BðΞ0c → Ξ0ϕð→ KþK−ÞÞ
BðΞ0c → Ξ−πþÞ
¼ 0.036 0.004 ðstat:Þ  0.002 ðsyst:Þ
BðΞ0c → Ξ0KþK−Þ
BðΞ0c → Ξ−πþÞ
¼ 0.039 0.004 ðstat:Þ  0.002 ðsyst:Þ
The measurements of these Ξ0c decay modes, which can
only proceed via W exchange together with ss̄ production,
add to our knowledge of the weak decay of charmed
baryons. However, from the amplitude intensities in Fig. 7,
we conclude it is unlikely that contributions from these
resonant Ξ0c → Ξ0ϕð→ KþK−Þ decays will correlate to
significant event excesses in the Ξ0K− reconstruction near
1.95 GeV. Only minor cusping to the combinatorial back-
ground will be present in that region due to this decay. As a
result of the slightly smaller branching fraction via the
resonant Ξ0c → Ξ0ϕ decay, the apparent spin-polarization
substructure is diluted due to the nonresonant fraction in
this same region. This implies that future excited Ω
searches may promisingly search this region of the
Ξ0K− invariant mass after the inclusion of these new
modes during MC studies. Despite the low statistics of
these new modes at Belle, this study via an amplitude
analysis provides necessary tools for studying more reso-
nant amplitude features in multibody charmed baryon
decays in the forthcoming high-luminosity era.
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